Abstract. The article is devoted to the numerical simulation of turbulent air flows in the vicinity of building complexes. The simulation was performed under isothermal assumption on the basis of 3D URANS equations
INTRODUCTION
Aerodynamics of buildings is an area of applied research which has emerged in the recent years as an academic discipline examining the wind impacts on civil engineering structures disposed on a ground surface in the atmospheric boundary layer (ABL). In the recent years the density of urban environment tends to increase. When new high-rise objects are constructed within an already densely-built area, it leads to changes in air flow around the already existing buildings through vortex formation or higher wind velocities. The study of wind actions on buildings is one of the most important design stages since such actions affect significantly the mechanical strength of buildings. Wind actions accompanied by the acceleration due to structure vibrations under dynamic gusts may violate the normal service conditions in upper-floor premises of high-rise buildings.
The study of air flow in the vicinity of buildings is especially important for design of additional structural elements and ventilated facades. Caving of facades elements under the strong wind conditions is often observed. To prevent, specific calculation methods have to be developed which take into account the inhomogeneous distribution of wind load and the presence of local zones of negative pressure on the building walls. Another important task is to provide a comfortable environment for human activity, which requires a study of urban pedestrian comfort.
Presently, there are two approaches to solving building aerodynamics problems: the theoretical approach and the experimental one. The theoretical approach is based on rational mechanics methods, in particular, on fluid dynamics, and it applies mathematical models to describe transient turbulent air flows. For solving the initial-boundary-value problems, both theoretical methods and numerical algorithms are used. In the latter half of the XX century, the basic concepts of hydrodynamic processes in atmosphere were formulated [1  3] and, in this way, a certain theoretical basis for evaluating the wind actions was developed [4  6] . Progress in computing means and numerical methods has enabled the use of computer science in solving hydro-and gas-dynamics problems, including problems in the exterior building aerodynamics. The experimental approach is based on wind-tunnel studies [7  11] followed by treatment of the experimental data aimed to get empirical engineering dependences to describe the wind actions on various objects [12  14] . It should be noted, that the experimental modeling is time and cost consuming. Moreover, experiments are significantly limited by parameters of wind facilities. For example, it is quite difficult to reproduce the atmospheric boundary layer in the experiment. As for semi-empirical engineering methods, they permit evaluation of the mean and fluctuating wind-load components only for very simple configurations and fail to account for the interference effects between buildings as well as for complex phenomena of self-exciting oscillations and resonances arising under external dynamic actions. It leads to the necessity to develop new approaches that allow considering the interference effects in the air flow to predict wind loads and pedestrian comfort zones location. Thus it is reasonable to use methods based on computational experiments, which allow us to reduce time and cost to optimize engineering project and to dump excessive oscillations. Such methods may be based on the use of CAD/CAE software packages [15] , [16] .
In [17] , the authors carried out the numerical simulation of turbulent flows of incompressible air in the vicinity of a plate-mounted prism of a square cross-section. The comparison with experimental data [18] on the velocity and turbulent kinetic energy (TKE) profiles was performed and satisfactory agreement was obtained. However, it becomes especially important to study the interference effects in flows around more complex configurations, for example for building complexes in cities.
In the paper, the numerical simulation of the turbulent air flows in the vicinity of the buildings complexes was performed. At the first stage, the atmospheric flow in the neighborhood of a building of a complex shape was carried out taking into account the interference with surrounding objects. The numerical simulation was performed under the conditions of the experimental data obtained in 3-АТ-17.5/3 aerodynamic facility [19] . The 3D structure of the flow in the vicinity of the building was obtained and the comparison of the calculation results with the experimental data on the pressure coefficient distribution on the walls of the building was performed. At the second stage, the full-scale numerical modeling of the flow around the complex of high-rise buildings in the Frankfurt/Main, Germany, city center was made and pedestrian comfort of the area was investigated.
METHOD OF COMPUTATIONS
The simulation was performed under isothermal assumption on the basis of 3D URANS equations [20] supplemented with the k-ω SST turbulence model [21] and Kato-Launder [22] correction. To solve the initial-boundary problem, the finite-volume method and the method of splitting taking physical processes into account were used [23] . A monotonic solution was obtained using the MUSCL scheme of third-order accuracy for convective terms and the central-difference scheme of second-order accuracy for the viscous terms. For the temporal approximations, an implicit scheme of second-order accuracy was used. The ANSYS Fluent Software [15] supplemented with user-defined functions for settings the initial and boundary conditions was used.
AIR FLOW IN THE VICINITY OF BUILDING OF COMPLEX SHAPE

Problem statement, boundary conditions and computational grid
Let us consider a turbulent isothermal air flow in the neighborhood of a building of complex shape ( Fig. 1, a, b) . The numerical simulation was performed under the conditions of the experimental data obtained in 3-АТ-17.5/3 aerodynamic facility [19] . The model is of 1:150 to the real scale. The main goal of the investigation was to get pressure coefficient distribution on the walls of the building of a complex shape (building A, fig. 1 , c). Two cases were examined in the paper: when the building A was surrounded by another buildings (conf. 1) and when it was isolated (conf. 2). The incoming flow velocity is U ∞ = 16.6 m/s and the boundary-layer thickness is  = 0.92 m for these cases. The Reynolds number calculated by length scale  and flow velocity U ∞ is Re ≈ 1.05 × 10 6 . The computational domain is shown in Fig. 2 , a. The characteristic diameter of the domain is about 3.5 and the height of the domain is ≈ 2.5. The sizes of the calculation domain were chosen with regard for the scale  so, that the artificial boundaries do not influence the calculated data [18] .
In the computation, the north wind direction (α = 0º, Fig. 1, c) was modeled with the inflow velocity and TKE profiles taken from the experimental data [19] . The "no-slip" boundary condition was used for the substrate and the walls of the buildings. At the exit, the condition of constant static pressure was used, P = P wall  P 0 = 0. At the upper boundary, we used the symmetry boundary condition, which provided the absence of flow across this boundary. The computational finite-volume grid was constructed with the use of the ANSYS Meshing preprocessor. A fragment of unstructured computational grid on building surfaces is shown on Fig. 2 , b. The computational finite-volume grid includes tetra elements in the outer region and the prismatic layers near the solid walls. A series of calculations using various meshes was performed for conf. 1 to obtain the mesh-independent solution. The parameters of the grids are presented in Table 1 . The most detailed numerical grid includes approx. 59 millions of cells. The non-dimensional distance to the wall at the first calculation node was y+= 1 for all cases.
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Results and discussions
Let us consider the flow structure in the vicinity of the building A taking into account the surrounding buildings (conf. 1). In this case, an steady-state solution with residuals for all equations smaller than 10 3 was obtained. The flow structure is considerably influenced by the interference effects due to presence of the neighboring buildings. Under the conditions of north wind direction, the building A is located behind the building B. As we can see in Fig. 3 , a, the flow separates from the edge b1 of the building B. The large recirculation zone V2 is formed behind it. That changes the angle at which the free stream comes on the front side of building A. Moreover, the free stream velocity is increased up to 20.5 m/s, when passing around the building B and zone V2. It leads to an increase in the pressure coefficient values on the facade a1 of the building A (Fig. 3, c) . We can also see a horseshoe vortex in front of the building A. The large separation zone is formed on the roof of the building A, and the negative values of pressure are observed in this zone. It is also important to note that the building C is located extremely close to the building A and it is the cause the velocity increase up to 19 m/s in the region between them. The flow structures in the vicinity of building A are shown on the Fig. 4 for both the configurations 1 and 2. In the second case, the inflow comes to the facade of the building A with a slower speed and at a smaller angle (Fig. 4, b) For configuration 2 the absence of obstacles behind the building A also leads to the formation of an extensive recirculation zone V6 on the leeward side. For configuration 1 zone V6 is smaller "pressed" to the leeward side of the building A (Fig 4,a) . for various meshes (case 1 (1) - (5)) and from the numerical simulation of conf. 2 for mesh (4) (case 2).
The obtained numerical results for conf. 1 and 2 were compared with the experimental data [19] on the pressure coefficient C p . Fig. 5 shows the values of the C p , obtained in characteristic points (Fig. 5, b) at the section h 3 = 0.760h b (Fig. 5, a) in the experiment and in the numerical simulation for conf. 2 on the grid No. 4 (see Table 1 ) and for conf. 1 on the various grids. As we can see in Fig. 5 , negative pressure coefficient values are observed for all the considered points in the section h 3 , which connected with the fact, that the cross section h 3 is located in the separation zone. The good agreement with experimental data [19] was obtained for conf. 1 on the grid No. 4 and No. 5. For isolated building (conf. 2), the numerical solution significantly differs from the experimental data. For conf. 2 the separation zone on the facade is shifted due to the change in free stream flow angle. It testifies of the necessity to consider the interference effects and flow interaction with the surrounding buildings when calculating wind loads.
AIR FLOW IN THE VICINITY OF THE COMPLEX OF HIGH-RISE BUILDINGS
Problem statement, boundary conditions and computational grid
At the second stage, a turbulent isothermal air flow is considered in vicinity of a high-rise building complex located in Frankfurt/Main city centre (Fig. 6, a) . The numerical simulation was performed using full-scale geometrical model . The computational domain shown in Fig. 6 , b, has a diameter of d ≈ 10h bmax and a height of h ≈6h bmax .
The inflow velocity and TKE were calculated using Monin-Obukhov theory considering the nature measurements [24] in some points on Commerz Bank walls for south-west wind direction (α = 225º). The total number of finite-volume cells is ≈33.6×10 
Results and discussions
The air flow near the buildings has a complex 3D vortex structure. In Fig. 7 , the instantaneous velocity fields at the moment t=210.7 sec are presented in several horizontal crosssection. Under the conditions of south-west wind direction, the vortexes separate from the side edges of the first-located high-rise building (building 1, Fig. 6, a) and a von-Karman vortex structure is formed. It leads to velocity increasing up to ≈1.31.5 U h,∞ , where U h,∞ is a freestream velocity at the height h. The building 2 is located almost completely in separation zone formed behind the building 1. It causes the high negative values of pressure coefficients at the front faces of the building 2. In Fig. 8, a we can see an instantaneous distribution of the pressure coefficient C p on the walls of the high-rise buildings. The analysis of the C p distribution has shown that high values of wind pressure are observed in the p2 zone where the flow comes to the front face of the building 1, and also in the p1 zone where the flow comes to the upper part of the windward face of the building 2. To estimate the mean and the fluctuating components of the wind load on the building 1, we calculated the pressure time history in several characteristic points on its surface. The Fig. 9 , a shows P(t) at the point c1 (-107.8 m;-189.5 m; 60 m) located at the frontal face of building 1. The average pressure at this point is P с1 ≈76.9 Pa. Pressure fluctuations at this point are not significant (P' с1 ≈0.5 Pa). We observe a different situation at the frontal surface of building 2 (Fig. 9, b) , namely, the fluctuating component of the wind load at the point c2 (10.3 m; 46.5 m; 60 m) reaches more than 30 % from the average value (P с2 ≈-33.6 Pa; P' с2 ≈11.4 Pa). Low-rise buildings located in the neighborhood of high-rise buildings 1, 2 and 3 do not significantly influence the formation of large vortex flow structures. However, low-rise buildings form roughness of the ground surface and affect the air flow in pedestrian zones. The instantaneous velocity field at the horizontal section z=2 m is shown in Fig. 9 . The maximal velocity amplitude at this section occurs at zones U 1 and U 2 , that is caused by "restriction" of flow in these areas. The maximal flow velocity at the zone U 1 reaches values of about 4.8U ∞,h1 , where U ∞,h1 ≈ 2.8 m/s is a velocity of free stream at the height z=2м. The maximal flow velocity at the zone U 2 reaches values of about 3.5U ∞,h1 . From the viewpoint of pedestrian comfort such values may be considered as unfavorable. A visualization of the flow structure near the pedestrian zones may allow us to optimize city environment taking into account street topology. It also allows us to design additional protective measures like park zones etc. to control wind flows.
CONCLUSIONS
 3D computational analysis of a turbulent separated air flow in the vicinity of the building of complex shape has been performed with a high resolution of the viscous sublayer taking into account the surrounding buildings.
 The flow interference effects were described and their influence on the wind load distribution on the buildings wall was evaluated. It has been demonstrated that local separated zones on the building faces may occur and pressure coefficient may be sign-alternating with high amplitudes that must be taken into account in the design of facades.
 The comparison of the numerical results and the experimental data [19] on the pressure coefficient distribution on the buildings walls was carried out for the two configurations. Satisfactory qualitative and quantitative agreement with the experimental data was obtained for the non-isolated building location (conf. 1). We have observed that flow interference effects may lead to a significant increase in the wind load (up to 50%) on a building. The results obtained for the conf. 2, when the building was isolated, significantly underpredict the values of the wind pressure coefficient.
 We performed the 3D computational analysis of the flow around the complex of highrising buildings in the Frankfurt/Main city center, Germany. The flow structure and pressure distribution on buildings walls were obtained. The main features of a wind flow in the vicinity of buildings were investigated and pedestrian comfortable/uncomfortable zones were detected. 
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